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Abstract 
The PH084 and PH089 genes of Saccharomyces cerevisiae ncode two high-affinity phosphate cotransporters of the 
plasma membrane. Hydropathy analysis suggests a secondary structure arrangements of the proteins in 12 transmembrane 
domains. The derepressible Pho84 and Pho89 transporters appear to have characteristic similarities with the phosphate 
transporters ofNeurospora crassa. The Pho84 protein catalyzes a proton-coupled phosphate transport at acidic pH, while the 
Pho89 protein catalyzes a sodium-dependent phosphate uptake at alkaline pH. The Pho84 transporter can be stably 
overproduced in the cytoplasmic membrane of Escherichia coli, purified and reconstituted in a functional state into 
proteoliposomes. © 1998 Elsevier Science B.V. 
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1. Introduction 
Integral plasma membrane proteins provide a 
means of communication between the interior and 
exterior of the cell. The synthesis and activity of such 
proteins may thus be modulated by changes in the 
extracellular environment as part of an adaptive 
response. Transport of phosphate across the plasma 
membrane is the first, obligatory step of phosphate 
utilization in the cell. Intracellular levels of phosphate 
in the yeast Saccharomyces cerevisiae are regulated 
by the PHO system, i.e., a network of scattered genes 
involving structural and regulatory units [1,2]. This 
complex is composed of at least five gene products 
through which signals on the presence or absence of a 
repressible amount of phosphate are conveyed, and 
operates through two major modes by which phos- 
phate uptake across the membrane is mediated. 
Regulation of phosphate accumulation is thus main- 
tained at the level of the PHO system by the action of 
a repressible high-affinity system which is active at 
low (p~M) concentrations and a low-affinity system 
which is active at high (mM) concentrations of 
extracellular phosphate. That is, S. cerevisiae cells 
adapt to the concentration of phosphate in their 
environment by activating transport systems that have 
a substrate affinity appropriate to those conditions. 
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2. General aspects of phosphate transport across 
the plasma membrane 
In S. cerevisiae, phosphate uptake across the 
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plasma membrane is mediated by action of specific 
cotransport proteins. At least three individual trans- 
port systems have been proposed to be responsible 
for the transport of phosphate across the plasma 
membrane [1,3]. These integral plasma membrane- 
spanning proteins catalyze a coupled transport of 
inorganic phosphate (Pi) together with H ÷ and Na ÷ 
ions (cotransport or symport, Fig. 1; see Ref. [4] for a 
review). In such secondary transport events in which 
no chemical or photochemical transformations are 
involved the two substrates move in the same direc- 
tion, allowing the downhill movement of one sub- 
strate to drive the uphill of another. The low-affinity 
system with a K m for phosphate of approximately 0.8 
mM at its proposed optimum of pH 4.5 is considered 
to be a constitutively s nthesized H +/Pi cotransporter 
[1,3]. In contrast, he high-affinity system (K m 0.5-15 
~M) is derepressible by phosphate starvation during 
aerobic and anaerobic growth. Of the proteins respon- 
sible for the derepressible high-affinity transport of 
phosphate into the cell, one consists of a H+/Pi 
cotransporter, Pho84, [5] with a pH optimum for 
phosphate uptake similar to that of the constitutive 
low-affinity system [6,7] and the other is a Na+/Pi 
cotransporter, Pho89, with an alkaline pH optimum 
being largely inactive at pH 4.5 [8,9]. Both PH084 
and PH089 are apparently regulated at the transcrip- 
Pi > 100 p.M Pi < 100 I.zM 
/-,,. 
H + Pi p, .,_+ 
Fig. 1. Simplified scheme showing phosphate acquisition across the 
plasma membrane of S. cerevisiae ceils. Arrows indicate which of the 
individual transporters are active at different external phosphate con- 
centrations. 
tional level by the PHO regulatory pathway, but the 
role of PH084- and PHO89-dependent phosphate 
transport in signalling the phosphate status of the 
medium is not clear. 
Interestingly, the S. cerevisiae Pho84 and Pho89 
transporters appear to have characteristic similarities 
with the Neurospora crassa Pho-5 and Pho-4 trans- 
porters, the Pho84 and Pho-5 proteins being H +- 
coupled at acidic pH [3,8], and the Pho89 and Pho-4 
proteins being Na+-coupled at neutral to alkaline pH 
[9,10], providing these cells with means to acquire 
environmental phosphate under fluctuating pH con- 
ditions. Although phosphate transport across the 
plasma membrane via Pho84 has been proposed to 
involve a functional unit of several other gene 
products, i.e., Pho86, Pho87 and Pho88 [11-13], 
Pho84 is clearly the phosphate transporter [7,9] and 
the function of the other proteins is possibly to act as 
a regulatory unit in adaptation to changing metabolic 
conditions in the cell. There is, moreover, evidence 
that activity and/or synthesis of the Pho84 transporter 
is modulated by a GTP-binding protein [15] which 
might be an important piece of information in getting 
closer to an understanding of metabolic regulation of 
the phosphate transport processes in yeast. 
3. Structural properties of the PHO84 and 
PHO89 transporters 
Primary structure analyses of the Pho84 protein 
and other membrane proteins has revealed striking 
sequence similarities uggesting that these proteins 
share a common evolutionary origin. Based on the 
sequence information, the Pho84 protein was found 
to display the highest sequence similarity to members 
of the HXT hexose transporter family [16,17]. Not 
unexpectedly, a pronounced sequence similarity is 
also found between the Pho84 protein and Pho-5 
H+/Pi symporter of N. crassa [18]. It is thus 
conceivable that these operate by a common or 
related mechanism of action at the molecular level 
possibly allowing mechanistic information derived 
from one transporter to be applicable to other mem- 
bers of this family. Recently, sequencing data of the 
yeast chromosome II revealed an ORF (YBR296C) 
encoding a putative phosphate transporter [19]. The 
deduced amino acid sequence of the Ybr296c protein, 
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Fig. 3. Secondary structure models of Pho84 (top) and Pho89 (bottom) derived from the TOP-PRED algorithm [31]. The one-letter amino acid code is used 
and putative transmembrane segments are shown as cylinders. Highlighted amino acid residues represent the residues duplicated within the Pho84 and the 
Pho89 proteins. 
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named Pho89 [9] revealed a strong sequence homol- 
ogy with the previously identified Pho-4 phosphate 
transporter of N. crassa [20] which showed an 
enhanced phosphate transport activity in the presence 
of Na + [10]. The strong sequence similarity of these 
proteins are, moreover, shared by several identified 
mammalian Na+/Pi symporters [21,22] and interest- 
ingly also several retrovirus receptors (Fig. 2). So far 
uncharacterized homologues to the Ybr296c protein 
have also been suggested to exist in a variety of 
bacterial, plant and animal species [23]. The high 
sequence homology between Ybr296c and Pho-4 
suggested that Ybr296c (Pho89) might be the high- 
affinity Na ÷/Pi symporter kinetically characterized 
by Borst-Pauwels and co-workers [8]. It was recently 
shown that Pho89 is indeed a derepressible high- 
affinity (gm=0.5 ~M) Na+-coupled phosphate trans- 
porter under regulation of the PHO pathway [9]. 
Predictions of structure and topology of the 65-kDa 
Pho84 [5] and the 63-kDa Pho89 [9] transporters 
suggest hat their amino acid sequence, which spans 
the membrane 12 times, are interspersed with regions 
of low hydrophobicity or net hydrophilicity and 
hydrophilically exposed N- and C-termini predicted 
to be on the cytoplasmic side of the membrane (Fig. 
3). As in the more well-characterized sugar transpor- 
ters, both the Pho84 and Pho89 proteins exhibit a 
significant degree of conservation between their two 
halves, as shown in Fig. 3. A comparison between the 
two blocks within each of the transporters eveals the 
identity of 21 amino acids positioned in each of the 
two halves of Pho84 separated by the large central 
loop harboring 75 amino acids, while the 41 internal 
duplications in Pho89 are found within the first five 
membrane spanning segments and the loops connect- 
ing these, and in membrane-spanning se ments 9-12 
and the connecting loops. It thus seems likely that 
these transporters have arisen from a duplication of 
an ancestral gene which encoded a protein harboring 
membrane-spanning se ments from one of the halves. 
In contrast to the situation in Pho84, the central oop 
in Pho89 contains only 12 amino acid residues while 
the predicted large loop of 110 amino acid residues is 
located between membrane-spanning se ments 7 and 
8. Motifs that are unique to functionally related 
families may convey special features of the family, 
such as the direction of transport or the mechanism of
transport. Although the significance of these motifs 
has not yet been evaluated for the Pho84 and the 
Pho89 proteins, it will be interesting to determine if
they are linked to a functional role in the transporter 
and, if so, what the functional role is. 
4. Synthesis and purification of the PHO84 
protein 
As these transporters are synthesized at low levels 
( i -2% of total membrane proteins) in the plasma 
membrane, levels inadequate for most biochemical 
and, in particular, structural studies of the proteins, 
attempts are often made in overcoming this problem 
by integrating the cloned gene in a system under 
control of a suitable promoter. Although establish- 
ment of suitable production systems, either homolo- 
gous or heterologous, asa strategy for identifying the 
genes encoding novel transporters and for over- 
production of these proteins is not a trivial objective, 
characteristics of already successfully developed sys- 
Mr (kDa)  1 2 3 4 5 
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80- - -  
49 .5  - - -  
32 .5  - - -  
27 .5  - - - -  
18 .5  - - -  
Fig. 4. SDS/PAGE analysis of various fractions obtained uring purifica- 
tion of the E. coli-produced Pho84 chimera on the Ni 2÷ resin. Lane 1, 
eluted unbound material; lane 2, unspecifically bound material eluted with 
60 mM imidazole; lanes 3 and 4, fraction eluted with 1 M imidazole (20 
and 50 I~g, respectively); lane 5, proteoliposomes reconstituted with 
purified protein eluted with 1 M imidazole (20 Ixg). Lanes 1-4 were 
stained with silver and lane 5 was immunoblotted and probed with Pho84 
anti-(C-terminus) IgG and anti-rabbit Ig-donkey-conjugated HRP. The 
molecular-mass markers are shown on the left (from Ref. [7]). 
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tems will probably facilitate the design and choice of 
future overproduction systems. It is generally recog- 
nized that such efficient systems allowing for a large 
scale production of protein followed by purification 
of the native transporter will greatly facilitate at- 
tempts to crystallize these proteins o that their three- 
dimensional structure can be determined. 
The Pho84 protein can be overproduced as 
chimeric protein in vivo in Escherichia coli and 
inserted into the cytoplasmatic membrane in a stable 
state. Construction of an N-terminal chimera between 
the transporter and a peptide containing 10 consecu- 
tive histidine residues allowed selective binding of 
the histidine-tagged protein to a chelating column 
-2+ charged with N1 , and elution with imidazole in a 
high state of purity [7] (Fig. 4). Approximately 5 mg 
purified HiSl0-permease can be obtained from 3 g 
(wet mass) cells. 
An E. coli production system is presently being 
examined also for the Pho89 protein. 
5. Phosphate transport in model systems 
According to a mobile-carrier model, phosphate 
transport across the plasma membrane is energized by 
the proton motive force, Ap [4]. The Ap-dependence 
was indeed observed in phosphate transport catalyzed 
by Pho84 in isolated plasma membrane vesicles of S. 
cerevisiae with an inside-out orientation [14] and in 
proteoliposomes containing the purified Pho84 pro- 
tein [7]. Due to the complexity of whole cells, studies 
of regulation of synthesis and transport are frequently 
difficult to obtain. Especially in studies of energy- 
coupled transport and its regulation, whole cell 
systems have the disadvantage that metabolism can 
influence transport parameters in a complex manner. 
In membrane vesicles, the mechanism of energy- 
coupling to secondary transport of solutes can be 
studied in the absence of their metabolism by cyto- 
plasmic enzymes. Membrane vesicles therefore offer 
a convenient model system to study the phosphate 
transport processes in S. cerevisiae. An aqueous 
polymer two-phase system based on dextran and 
polyethylene glycol may be used to separate mem- 
branes according to differences in surface properties, 
such as charge and hydrophobicity, a unique dimen- 
sion for fractionation of biomembranes [24], and 
allows for separation of particles with the same size 
and density, e.g. membrane vesicles of different 
membrane orientation. Tightly sealed membrane vesi- 
cles with an inside-out orientation were thus isolated 
from the plasma membrane of S. cerevisiae [14]. The 
purified membrane vesicles were shown to catalyze a
derepressible inhibitor-sensitive phosphate uptake at 
levels comparable with the situation in intact cells of 
S. cerevisiae indicating that transport of phosphate 
across the membrane is both functional and bidirec- 
tional. Arsenate which is a compound sterically 
related to phosphate was shown to effectively inhibit 
phosphate uptake in S. cerevisiae cells [4] and in 
isolated plasma membrane vesicles [14] (Fig. 5). The 
observation that H+-coupled phosphate accumulation 
2,5 
2.0 
1.5 
~, 1.0 
t~  
0.5 g3 O 
.0 l  I ' I I I I I 
0 20 40 60 80 100 120 
Time (rain) 
Fig. 5. Effect of arsenate and ATP on phosphate uptake in isolated plasma 
membrane vesicles of S. cerevisiae grown in low-phosphate medium. 
Aliquots (20 ixl) of a plasma membrane vesicle suspension at a protein 
concentration of 10 mg/ml in 25 mM Tris-succinate, pH 4.5, was 
assayed for phosphate uptake in the absence (0)  and in the presence of 
200 I~M arsenate (sodium salt) (©) or 3 mM ATP and 6 mM MgC12 ([3) 
in the incubation mixture. At given times, reactions were terminated, and 
the samples were assayed by rapid filtration and liquid scintillation 
spectrometry (from Ref. [14]). 
B.L. Persson et al. / Biochimica et Biophysica Acta 1365 (1998) 23-30 29 
can be inhibited not only at the level of the transpor- 
ter by arsenate treatment but also at the level of the 
proton motive force (inside positive and acidic) 
generated by activation of the H+-pumping ATPase 
in the inside-out oriented vesicular system suggests 
that the prevailing H+-gradient across the plasma 
membrane contributes to the driving force for in- 
corporation of phosphate in the vesicles [14] (Fig. 5). 
In the development of model systems in which 
phosphate transport can be studied in the absence of 
interfering metabolism reconstituted proteoliposomes 
have the important advantage over plasma membrane 
vesicles in that transport parameters of individual 
1.2 
purified and reconstituted phosphate transporters can 
be varied and studied selectively. When reconstituted 
into proteoliposomes, the purified Pho84 transporter 
catalyzes an uncoupler-sensitive phosphate accumula- 
tion with an estimated K m for phosphate of 24 IxM, 
i.e., a value close to that of intact yeast cells [7] (Fig. 
6). It is thus clear that modification of the N-terminal 
tail of the Pho84 transporter does not affect insertion 
of the protein into the E. coli membrane, or its ability 
to catalyze phosphate uptake when reconstituted into 
proteoliposomes. The important conclusion that the 
purified protein is reconstitutively active provides the 
basis for detailed analyses of static and dynamic 
aspects of the transporters structure/function relation- 
ships. 
1.0 
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an 
0 
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Fig. 6. Phosphate uptake in proteoliposomes r constituted with the E. 
coil-produced purified Pho84 fusion protein. Phosphate uptake was 
assayed at pH 4.5 in the presence of a Ap (inside negative and alkaline). 
Aliquots (1 ~1) of proteoliposomcs were diluted 200-fold in 25 mM 
Tris-succinate, pH 4.5, containing 0.11 mM [32P]orthophosphate and 
assayed for H÷-driven phosphate accumulation i  the absence (11) or 
presence (17) of 20 ~M of the protonophor carbonyl cyanide m-chloro- 
phenyl hydrazone, CCCP. At given times, reactions were terminated, and 
the samples were assayed by rapid filtration and liquid scintillation 
spectrometry (from Ref. [7]). 
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